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minal domain with a number of tyrosine phosphorylation sites that can bind various SH2 domain-containing proteins [8] . In addition to insulin and insulin-like growth factor-I, IRSs have been shown to play a role in mediating the actions of cytokines [8, 9] . Moreover, the recent discovery of an IRS homologue CHICO in Drosophila suggests that the insulin receptor/IRS axis could be an evolutionally conserved pathway which controls growth and metabolism [10] .
Recently, the physiological roles of all four members of this family were examined by generating mice with a targeted disruption of IRS-1, IRS-2, IRS-3 or IRS-4 gene loci [11±15] . Despite the structural similarities between the IRSs, analyses of these mice showed that IRSs have different functions in development and metabolism. Mice lacking IRS-1 have retarded growth and insulin resistance, although there was no difference in the concentrations of blood glucose before and after uptake of glucose [11, 12] . In contrast, mice lacking IRS-2 are only slightly smaller than wild-type but progressively manifest diabetes due to both insulin resistance and reduced betacell mass [13] . Mice lacking IRS-3 do not show defects in growth and metabolism [14] . IRS-4 also seems not to play an important role in these processes because mice without IRS-4 manifest only mild defects in growth, glucose homeostasis and reproduction [15] . These functional differences between IRSs first derive from their specific patterns of tissue expression. Although the expression of IRS-1 and IRS-2 is ubiquitous, IRS-3 and IRS-4 are expressed in limited tissues and organs [1, 2, 7, 16, 17] . Secondly, each member of the IRS family has a distinct pattern of association with various SH2 domain-containing proteins in response to insulin [7, 8, 18, 19] . Thirdly, the intracellular localization of IRSs is different because IRS-1 and IRS-2 associate with an intracellular structure containing cytoskeleton whereas IRS-3 and IRS-4 are targeted to the plasma membrane both in the presence and absence of insulin [19±22] . However, the molecular mechanisms of these functional differences between IRSs have not been analysed in detail.
In the analysis of IRS-1 null mice, we have shown that insulin signalling and biological actions were impaired in muscles from IRS-1 null mice which was in contrast to the grossly normal signalling and actions in livers from these mice [23] . The difference in the degree of insulin resistance in these two major insulin targets from IRS-1 null mice seemed to depend on the amount of tyrosine phosphorylation of IRS-2 because tyrosine phosphorylation of IRS-2 in livers from these mice was enhanced whereas in their muscles it was much less. In contrast, in primary adipocytes from IRS-1 null mice, tyrosine phosphorylation of pp60/IRS-3 was comparable to that of IRS-1 in adipocytes from wild-type mice, although pp60/IRS-3 in adipocytes from IRS-1 null mice incompletely compensated for the absence of IRS-1 in mediating insulin-stimulated PI 3-kinase activity and glucose transport [24] . Therefore, different from IRS-2, these data indicated that IRS-3 could play a minor role in transmitting insulin signal even if its expression was comparable to IRS-1. To analyse the functional difference between IRS-1 and IRS-3, we transiently expressed rat IRS-1, IRS-3, or chimeric proteins of these two IRSs in Cos-1 cells and examined the tyrosine phosphorylation via the wild-type or mutant insulin receptors. In addition, we evaluated the targeting of IRS-1, IRS-3 or the chimeric proteins to the plasma membrane in the presence or absence of insulin by immunostaining the membrane ghost and confocal microscopy.
Materials and methods
Materials. Mouse monoclonal 4G10 antibody (specific for phosphotyrosine: aPY) was purchased from Upstate Biotechnology (Lake Placid, USA). Rabbit polyclonal antibodies against haemagglutinin (aHA) were purchased from Santa Cruz Biotechnology (Calif., USA). Rabbit polyclonal antibodies against the b subunit of human insulin receptor (aIRb) were obtained from Transduction Laboratories (Lexington, USA). The CellPhect transfection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK), BM chemiluminescence Western blotting kit (Boehringer Mannheim, Germany), 25-mm diameter circular glass coverslips (Iwaki, Tokyo, Japan), an ultrasonic microprobe (Branson Sonifier Model 250), fluorescein isothiocyanate (FITC)-conjugated goat antibody against rabbit IgG (Chemicon, Calif., USA), tetramethyl rhodamine isothiocyanate (TRITC)-conjugated phalloidin (Sigma, St Louis, Mo., USA), wortmannin (Sigma) and 4', 6-diamine-2'-phenylindole dihydrochloride (DAPI; Sigma) were also used in this study.
Site-directed mutagenesis and construction of expression vectors. The pcDNA3 vector containing the rat IRS-3 cDNA (nucleotides 93±1670) [3] with the C-terminal HA tag (pcDNA3-IRS3) was described previously [9] . Using polymerase chain reaction as described [25, 26] , the HA tag was inserted into the Cterminus of rat IRS-1 (nucleotides 587±4293) and an expression vector containing this cDNA [1, 27] was constructed (pcDNA3-IRS1). Utilizing pcDNA3-IRS1 and pcDNA3-IRS3 as the templates, the expression vectors containing various IRS-1 · IRS-3 chimeric cDNAs were constructed (Fig. 1) . The expression vectors containing IRS-3 cDNAs with the deletion of the PH domain or the PTB domain were also made (Fig. 1) .
Expression of wild-type and mutant IRS proteins with the human insulin receptor. Subconfluent Cos-1 cells in 6-cm dishes were transfected with 3 mg/dish (or the indicated amount) of plasmid containing the wild-type or mutant IRS cDNA and 3 mg/dish of the wild-type (Ullrich-type) [28, 29] or mutant human insulin receptor expression vector [29] by calcium phosphate precipitation using the CellPhect transfection kit. After 24 h, the transfected cells were incubated in serum-free medium for 12 to 16 h and subjected to the experiments described below.
Immunoblotting of phosphotyrosine-containing proteins with aPY. Assays were done as described [29] . Briefly, Cos-1 cells treated or untreated with 10 ±7 mol/l insulin for 1 min at 37 C were lysed in buffer A (25 mmol/l Tris-HCl; pH 7.4, 2 mmol/l sodium orthovanadate, 10 mmol/l NaF, 10 mmol/l sodium pyrophosphate, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l EGTA, and 1 mmol/l EDTA) containing 1 % Triton X-100. Cell lysates containing equal amounts of protein (approximately 4 mg/sample) were immunoprecipitated with antibodies, subjected to SDS-PAGE followed by western blotting with aPY and visualized using chemiluminescence detection. The amount of tyrosine-phosphorylated IRS was evaluated by densitometry and expressed as the percentage of IRS-3 tyrosine phosphorylation in Cos-1 cells coexpressing the wildtype insulin receptor and IRS-3. To confirm that comparable amount of proteins were expressed, equal amounts of total lysates were subjected to SDS-PAGE followed by western blotting with aHA or aIRb.
Detection of IRS proteins associated with the plasma membrane by confocal microscopy. For immunostaining, Cos-1 cells plated onto 25-mm diameter circular glass coverslips were serumstarved for 12 h, and treated or untreated with 10 ±7 mol/l insulin for 5 min at 37 C. To examine the inhibition of insulin-induced IRS targeting to the plasma membrane (PM) by PI 3-kinase inhibitor wortmannin [30] , cells were preincubated with or without 100 nmol/l wortmannin for 30 min before insulin stimulation. PM lawns from these cells were generated as described [31] with several modifications. Insulin-stimulated or insulin-unstimulated coverslips were washed with ice-cold phosphate buffered saline (PBS), followed by a 10-s treatment with PBS containing 0.5 mg/ml polylysine. The cells were incubated for 5 s in a hypotonic buffer (1/3´buffer B), transferred to buffer B (70 mmol/l KCl, 30 mmol/l HEPES, 5 mmol/l MgCl 2 , 3 mmol/l EGTA; pH 7.3), immediately broken open by placing under an ultrasonic microprobe, and transferred to 4 % paraformaldehyde in buffer B. For immunostaining IRS proteins, coverslips were incubated with aHA at 4 C overnight, washed and incubated with FITC-conjugated goat antibody against rabbit IgG and TRITC-conjugated phalloidin. The stained sections were mounted in a paraphenylene diamine and glycerol solution [32] and the PM lawns were visualized and imaged using a scanning laser confocal immunofluorescence microscope (Olympus, Tokyo, Japan). As DAPI and TRITC staining revealed the absence of nuclei and the preservation of submembranous actin filaments, almost all the cell contents were considered to be removed leaving behind uniform PM lawns. Lawns from transfected cells were selected by staining with aHA, and at least 10 cells were evaluated in each experiment.
Statistical analysis. Where appropriate, data were expressed as the means and standard errors of three independent experiments. Statistical significance was assessed using the Student's t test. A p value of less than 0.05 was considered statistically significant.
Results
Insulin-induced tyrosine phosphorylation of IRS proteins in Cos-1 cells expressing mutant insulin receptors. We previously examined tyrosine phosphorylation of IRS-1 in CHO cells expressing mutant insulin receptors and verified that the juxtamembrane region of the receptor including Tyr 960 is required for normal tyrosine phosphorylation of IRS-1 [29, 33] . To analyse insulin-stimulated tyrosine phosphorylation of IRS-3, the cell lysates from Cos-1 cells transiently coexpressing insulin receptors and IRS-1 or IRS-3 were immunoprecipitated with aHA, subjected to SDS-PAGE followed by immunoblotting with aPY. As previously reported [29, 34] , the Y960F insulin receptor impaired tyrosine phosphorylation of IRS-1 to 4.9 0.9 % of wild-type insulin receptor (p < 0.01) ( Fig. 2A, lanes  1±4 ). In contrast, the Y960F insulin receptor did not significantly decrease tyrosine-phosphorylation of IRS-3 (95.5 23.8 % of wild-type insulin receptor) Fig. 2 A clearly show that different from IRS-1, IRS-3 appears to be tyrosine-phosphorylated by a mechanism independent of the interaction between the PTB domain of IRS-3 and the juxtamembrane NPXpY motif of the insulin receptor. To exclude the possibility that high expression of IRS-3 permitted its access to the insulin receptor without requiring a specific interaction through Tyr 960 of the insulin receptor, we analysed tyrosine phosphorylation of IRS-3 via the wild-type or Y960F insulin receptor in Cos-1 cells transfected with a low amount of the IRS-3 expression vector (0.3 and 1 vs. 3 mg/dish). As shown in Fig. 2B , low expression of IRS-3 caused no difference in tyrosine phosphorylation of IRS-3 between the cells expressing the wild-type and Y960F insulin receptors. These data indicate that in IRS-3 there exists a mechanism which facilitates signal transmission even in the absence of the juxtamembrane Tyr 960 of the insulin receptor.
The PH and PTB domains of IRS-3, as well as the juxtamembrane region of the insulin receptor, is essential for tyrosine phosphorylation in response to insulin. To examine the reason why IRS-3 was tyrosinephosphorylated by the Y960F insulin receptor com- After treatment with 10 ±7 mol/l insulin for 1 min, total lysates from Cos-1 cells expressing wild-type or mutant insulin receptors with IRS-1 or IRS-3 were immunoprecipitated with aHA, subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblotting with aPY, as described in ªMaterials and methodsº. To confirm that comparable amount of proteins were expressed, total lysates were subjected to SDS-PAGE followed by western blotting with aHA or aIRb. The bands corresponding to IRS-1, IRS-3 and the b subunit of insulin receptor (IRb) are indicated. The amount of tyrosine-phosphorylated IRSs was evaluated by densitometry and expressed as the percentage of IRS-3 tyrosine phosphorylation in Cos-1 cells expressing the wild-type insulin receptor and IRS-3. The data are the means and standard errors of three independent experiments. **p < 0.01 vs control A B parable to the wild-type receptor, we first analysed the roles of the PH and PTB domains of IRS-3 by introducing deletions into these regions because both these domains have been shown to be essential for insulin-stimulated tyrosine phosphorylation of IRS-1 [35±38, 40±42] (Figs. 1 and 3A) . As reported [39] , the deletion of the PH domain of IRS-3 (0.15 0.27 % of wild-type, p < 0.001) (Fig. 3A , lanes 3±4), as well as the PTB domain deletion (0.28 0.49 % of wild-type, p < 0.001) (Fig. 3A , lanes 5±6), significantly impaired tyrosine phosphorylation of IRS-3 in Cos-1 cells expressing the wild-type insulin receptor. Second, we assessed whether the deletion of the juxtamembrane residues 954±965 of the insulin receptor (IR·D954±965) [29] , which has been shown to abolish tyrosine phosphorylation of IRS-1 [43] , impairs tyrosine phosphorylation of IRS-3 (Fig. 3B) . We observed a decrease in tyrosine phosphorylation of IRS-3 through the IR·D954±965 insulin receptor (11.9 8.9 % of wild-type, p < 0.001) (Fig. 3B , lanes 5±6) whereas no significant decrease in IRS-3 tyrosine phosphorylation was seen in the cells expressing the Y960F cells (88.5 15.3 % of wild-type) (lanes 3±4). These deletion experiments show that although IRS-3 transmits signals from the insulin receptor in a manner different from IRS-1, the presence of both the PH domain and the PTB domain of IRS-3 as well as the juxtamembrane region of the insulin receptor is essential for insulin-stimulated tyrosine phosphorylation of IRS-3 in response to insulin.
The PH but not the PTB, domain of IRS-3 is required for its normal tyrosine phosphorylation in Cos-1 cells expressing the Y960F insulin receptors. To evaluate precisely the difference between IRS-1 and IRS-3 in transmitting signals from the insulin receptor, we generated several expression vectors containing cDNAs Fig. 3 A, mol/l insulin for 1 min, total cell lysates were immunoprecipitated with aHA, subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblotting with aPY, as described in Materials and methods. To confirm that a comparable amount of protein was expressed, total lysates were subjected to SDS-PAGE followed by western blotting with aHA or aIRb. The amount of tyrosine-phosphorylated IRS-3 was evaluated by densitometry and expressed as the percentage of IRS-3 tyrosine phosphorylation in Cos-1 cells expressing the wild-type insulin receptor and IRS-3. The data are the means and standard errors of three independent experiments. ***p < 0.001 vs control A B Fig. 4 a±c. Insulin-induced tyrosine phosphorylation of IRS-3 or chimeric proteins in Cos-1 cells expressing wild-type or mutant (Y960F) insulin receptors. After treatment with 10 ±7 mol/l insulin for 1 min, total lysates from Cos-1 cells expressing IRSs and chimeric proteins (A) IRS3-C· IRS1, (B) IRS3-N/ PH· IRS1 and IRS3-PTB· IRS1, (C) IRS3-PH· IRS1) with wild-type or Y960F insulin receptors were subjected to SDSpolyacrylamide gel electrophoresis followed by immunoblotting with aHA, as described in ªMaterials and methodsº. To confirm that comparable amount of proteins were expressed, total lysates were subjected to SDS-PAGE followed by western blotting with aHA or aIRb. The ratio of the extent of the tyrosine phosphorylation of each chimeric protein in the cells expressing the Y960F insulin receptors to that in the cells expressing the wild-type insulin receptors were calculated and compared with that of IRS-3. The data are the means and standard errors of three independent experiments. *p < 0.05 vs control; **p < 0.01 vs control; ***p < 0.001 vs control A B C of chimeric proteins changing the domains of IRS-3 to the corresponding moieties of IRS-1 (Fig. 1) . As the density of the band from each chimeric protein in aPY immunoblotting was different, we calculated in each chimeric protein the ratio of its tyrosine phosphorylation in the cells expressing the Y960F insulin receptors to that in the cells expressing the wild-type insulin receptors and compared the ratio with that of IRS-3.
As the C-terminal region of IRS-1 contains the SAIN domain (human: residues 313±462, rat: residues 318±467) which directly interacts with the insulin receptor [42] , the C-terminal region of IRS-3 was replaced with that of IRS-1 which does not include the SAIN domain and its adjacent 50 amino acids of IRS-1 in IRS3-C·IRS1 (Fig. 1) . The alteration of the C-terminal region of IRS-3 to that of IRS-1 (IRS3-C·IRS1) did not have a significant decrease in tyrosine phosphorylation of the chimeric protein in Cos-1 cells expressing the Y960F insulin receptor (93.2 14.3 %) (Fig. 4A, lanes 5±8) , suggesting that the C-terminus of IRS-3 is not involved in the receptor Tyr 960 -independent tyrosine phosphorylation of IRS-3. Therefore, IRS-3 appears to be tyrosine-phosphorylated by the Y960F insulin receptor in a mechanism distinct from IRS-2, the RBD2 domain which is responsible for the direct interaction of this molecule with the insulin receptor leading to its efficient tyrosine phosphorylation in cells expressing the Y960F insulin receptor [44, 45] .
Although the PH domain is considered to be involved in the interaction with phospholipids but not with the insulin receptor, the replacement of the Nterminal region containing the PH domain of IRS-3 with that of IRS-1 (IRS3-N/PH·IRS1) impaired tyrosine phosphorylation of the chimeric protein via the Y960F insulin receptor (32.8 11.4 %, p < 0.001) (Fig. 4B, lanes 5±8) . The alteration of the PH domain alone (IRS3-PH·´IRS1) (Fig. 4C, lanes 5±8 ) also decreased tyrosine phosphorylation of the chimera mediated by the Y960F insulin receptor (37.6 15.1 %, p < 0.01). In addition, the replacement of the PTB domain of IRS-3 with that of IRS-1 (IRS3-PTB· IRS1) showed a mild but significant decrease in tyrosine phosphorylation of the chimeric protein mediated by the Y960F insulin receptor (77.1 12.9 %, p < 0.05) (Fig. 4B, lanes 9±12 ). These data suggest that the PH domain of IRS-3 plays a distinct role from that of IRS-1 in insulin-induced tyrosine phosphorylation of IRS-3 via the Y960F insulin receptor and that the PTB domain of IRS-3 is also partially involved in this process.
The PH domain of IRS-3 is critical for insulin-independent localization of IRS-3 to the plasma membrane. The PH domain of IRS-1 plays a role in localizing this molecule to the plasma membrane, an important step for its subsequent interaction with the insulin receptor [40±42] . To evaluate whether efficient tyrosine phosphorylation of IRS-3 via the Y960F insulin receptor is due to the different subcellular distribution of IRS-3 from that of IRS-1, we examined the localization of IRS-1 and IRS-3 to the plasma membrane in the presence or absence of insulin by immunostaining the membrane ghost with aHA followed by confocal microscopy. The representative lawns from unstimulated or insulin-stimulated cells which were labelled with antibodies specific for HA and phalloidin are shown (Fig. 5) . The uniformity of phalloidin labelling indicated that submembranous actin filaments as well as the structures of plasma membranes were preserved. Although plasma membranes from unstimulated cells expressing HA-tagged IRS-1 had very low IRS-1 labelling, insulin increased the staining intensity of HA-tagged IRS-1 (Fig. 5A) . In contrast to IRS-1, IRS-3 was localized to the plasma membrane even in the absence of insulin and the insulin treatment did not seem to change its distribution (Fig. 5B) . To determine which domains in IRS-1 and IRS-3 mediate the different localization of these molecules, the localization of chimeric proteins in which various domains of IRS-3 were replaced with the corresponding domain of IRS-1 was examined in an unstimulated or insulin-stimulated state. The replacement of the C-terminal region of IRS-3 with that of IRS-1 (IRS3-C· IRS1) did not affect the distribution of the chimeric protein as compared with that of IRS-3 (Fig. 5C) . The PTB domain of IRS-3 to that of IRS-1 (IRS3-PTB· IRS1) also failed to change the localization of the chimeric protein as compared with that of IRS-3 (Fig. 5E) . In contrast, changes in the region containing the PH domain of IRS-3 to that of IRS-1 (IRS3-N/PH· IRS1 and IRS3-PH· IRS1) reduced the targeting of the chimeric proteins to the plasma membrane in the basal state, and insulin increased the staining intensity of the chimeric proteins similar to that of IRS-1 (Figs. 5, D and F) . These results suggest that, especially in the basal state, the affinity of the PH domain of IRS-3 for the plasma membrane is markedly stronger than that of IRS-1, which could explain why IRS-3 is tyrosinephosphorylated in intact cells via the Y960F insulin Fig. 5 . Detection of IRS proteins associated with the plasma membrane by confocal microscopy. After Cos-1 cells plated onto 25-mm diameter circular glass coverslips were stimulated with 10 ±7 mol/l insulin for 5 min, the cells were fixed and sonicated to obtain membrane ghosts. IRS-1 (A), IRS-3 (B), IRS3-C· IRS1 (C), IRS3-N/PH· IRS1 (D), IRS3-PTB· IRS1 (E), or IRS3-PH· IRS1 (F) bound to the plasma membrane were visualized by immunostaining with aHA and confocal microscopy, as described in Materials and methods. Phalloidin labelling among individual plasma membrane fragments was also shown to confirm that the structures of the plasma membrane were preserved in this procedure 3 receptor to the extent comparable to the wild-type insulin receptor.
Wortmannin blocks insulin-induced localization of IRS-1 but not IRS-3 to the plasma membrane. It has been recently suggested that PI(3,4,5)P 3 and PI(4,5)P 2 could be the ligands for the PH domain of IRS-1 and that in unstimulated cells IRS-1 associates with PI(4,5)P 2 contained in the plasma membrane, whereas insulin stimulation leads to the accumulation of PI(3, 4,5)P 3 which causes the translocation of IRS-1 to the plasma membrane thereby transiently fixing the receptor and substrate [46] . To test whether the constitutive localization of IRS-3 to the plasma membrane via its PH domain was PI(3,4,5)P 3 -dependent we examined the influence of treatment with wortmannin, a PI 3-kinase inhibitor [30] , on the localization of IRS-1, IRS-3, or the chimeric protein with the PH domain alteration (IRS3-PH· IRS1) (Fig. 6) . Insulin-stimulated targeting of IRS-1 to the plasma membrane was suppressed by wortmannin, although plasma membranes from insulin-stimulated and wortmannin-stimulated cells still preserved low IRS-1 labelling comparable to that from unstimulated cells (Fig. 6A) . In contrast, wortmannin did not affect the distribution of IRS-3 in both unstimulated and insulin-stimulated cells (Fig. 6B) . The replacement of the PH domain of IRS-3 with that of IRS-1 (IRS3-PH· IRS1) changed the distribution of the chimeric protein to the IRS-1-like pattern (Fig. 6C) . These results suggest that IRS-3 is localized to the plasma membrane via its PH domain binding to PI 3-kinaseindependent phospholipids or other ligands, whereas the interaction of the PH domain of IRS-1 with the enzyme-regulated phosphoinositides plays a major role in insulin-stimulated targeting of IRS-1 to the plasma membrane. In addition, the preservation of IRS-1 in plasma membranes from insulin-stimulated and wortmannin-stimulated cells comparable to that from unstimulated cells (Fig. 6A) suggests that PI 3-kinase-unregulated phosphoinositides or other molecules play a role in the localization of IRS-1 in a basal state.
Discussion
We showed that the PH domain of IRS-3 plays a major role in the tyrosine phosphorylation of IRS-3 in a receptor NPXpY motif-independent fashion. Using the immunostaining analysis, we also showed that in contrast to the wortmannin-sensitive accumulation of IRS-1 to the plasma membrane in response to insulin, IRS-3 was localized to the plasma membrane in an insulin-independent and wortmannin-resistant manner. Among the endogenous substrates of the insulin receptor tyrosine kinase, Gab1 contains the PH domain but not the PTB domain or any other domain in its N-terminus which interacts with the insulin receptor [5, 47] . Using an in vivo assay in yeast, the association of the PH domain of Gab1, but not that of IRS-1, with the PI 3-kinase products was detected [48] . Since only high-affinity binding (Kd of < 1 mmol/l) to phosphoinositides could be detected in their system [48] , these data suggest that high-affinity binding of the PH domain of Gab1 to PI(3,4,5)P 3 enables tyrosine phosphorylation of Gab1 even in the absence of the domains that directly associate with the activated receptor. In contrast, as the interaction between the PH domain of IRS-1 and the phosphoinositides or other ligands in the plasma membrane seems to be weak [46, 48] , the cooperation of the PTB domain interacting with the insulin receptor could be required for efficient tyrosine phosphorylation of IRS-1 as well as other members of the IRS family. From our data we could deduce that the extent of the interaction between the IRSs and the insulin receptor, which is required for transducing signals from the insulin receptor, could be influenced by the affinity of the PH domain for phosphoinositides or other ligands in the plasma membrane as follows (Fig. 7) ; (i) in IRS-1, as the interaction between its PH domain and the phosphoinositides is weak, the intact interaction of the IRS-3 PTB domain with the NPXpY motif of the insulin receptor is essential for the tyrosine phosphorylation of the chimeric protein; (ii) the insulin-independent localization of wild-type IRS-3 to the plasma membrane via its PH domain easily couples with the activated insulin receptor even in the presence of the interaction between the PTB domain of IRS-3 and the Y960F insulin receptor which is too weak to be detected by two-hybrid assay [38] ; (iii) high-affinity binding of the PH domain of Gab1 to phospholipids in the plasma membrane enables tyrosine phosphorylation of Gab1 even in the absence of the association with the activated receptor. These models provide a mechanism for the interaction between the insulin receptor and IRSs in which both the PH and PTB domains of IRS proteins cooperatively take part in transmitting the insulin signal from the receptor.
A recent study showed that both PI(3,4,5)P 3 and PI(4,5)P 2 are in vitro ligands for the PH domain of IRS-1 [46] . If so, IRS-1 should be localized to the Fig. 6 . Influence of wortmannin treatment on insulin-unstimulated and insulin-stimulated targeting of IRSs to the plasma membrane. After Cos-1 cells were treated or untreated with 100 nmol/l wortmannin for 30 min, the cells were stimulated with 10 -7 mol/l insulin for 5 min, fixed and sonicated to obtain membrane ghosts. IRS-1 (A), IRS-3 (B), IRS3-PH · IRS1 (C) bound to the plasma membrane were visualized by immunostaining with aHA and confocal microscopy. Phalloidin labelling among individual plasma membrane fragments was also shown to confirm that the structures of plasma membrane were preserved in this procedure 3 plasma membrane irrespective of the insulin treatment because the abundance of PI(4,5)P 2 is much greater than PI(3,4,5)P 3 even in stimulated cells [49] . We showed the insulin-stimulated accumulation of IRS-1 to the plasma membrane in a wortmannin-sensitive manner, indicating that the PH domain of IRS-1 has a higher affinity for PI 3-kinase-regulated phosphoinositides rather than PI(4,5)P 2 or membrane proteins with acidic peptide motifs such as nucleolin [50] in insulin-stimulated cells. As plasma membranes from insulin-stimulated and wortmanninstimulated cells still preserved low IRS-1 labelling comparable to that from unstimulated cells, the results also suggest that in a basal state, PI(4,5)P 2 or other molecules are involved in the localization of IRS-1. The analyses of the PH domains of IRSs tagged with green fluorescent protein (GFP) showed that the IRS-1 and IRS-2 PH domains tagged with GFP were translocated to the plasma membrane in response to insulin in a way sensitive to PI 3-kinase inhibitors such as wortmannin and LY294 002. In contrast, the IRS-3 PH domain tagged with GFP was constitutively localized to the plasma membrane even in the presence of the PI 3-kinase inhibitors [51] . That study, using in vitro binding assay, showed that the PH domain of IRS-1 preferentially binds to PI(3,4,5)P 3 whereas the PTB domain of IRS-3 binds to PI(3)P. However, the distribution of IRS-3 with the affinity of its PH domain to the phosphoinositides might not be consistent because the FYVE domain, which preferentially binds to PI(3)P, was shown to be highly enriched in endosomes but not in the plasma membrane [52] . Thus, it is certain PI(3,4,5)P 3 is the native ligand of the PH domain of IRS-1 in insulin-stimulated cells, although the physiological targets of the PH domain of other IRSs as well as that of the PH domain of IRS-1 in the basal state have not been identified.
Taken together, the analyses of chimeric IRS-1 and IRS-3 proteins showed that firstly, the PH domains of IRS-1 and IRS-3 interact in distinct fashions with the phospholipids in the plasma membrane causing the different subcellular distribution of these IRSs, and secondly, the extent of the receptor-substrate interaction required for efficient IRS tyrosine phosphorylation seems to be influenced by the affinity of the PH domain for the phospholipids in the plasma membrane, indicating that the PH domain and the PTB domain of IRSs cooperatively function in insulinstimulated tyrosine phosphorylation of these proteins. The PH domain and the PTB domain of IRS interact with the ligands and the insulin receptor in the plasma membrane, respectively. As the affinity of the PH domain for ligands in the plasma membrane is low, intact interaction of the PTB domain of IRS-3 with the juxtamembrane (JM) region of the insulin receptor is essential for insulin-induced tyrosine phosphorylation (Tyr · P) of IRS-1. In contrast, as wild-type IRS-3 is localized to the PM even in the absence of insulin which seems to be due to the higher affinity of its PH domain for ligands in the plasma membrane, minimal interaction between the receptor JM region with the Y960F mutation and the PTB domain of IRS-3 is sufficient for insulin-induced tyrosine phosphorylation of IRS-3. Thus, the interactions through the two domains cooperatively determine insulin-induced tyrosine phosphorylation of the IRS protein
